Thermolysin is a metallopeptidase used to cleave peptide bonds at specific junctions. It has previously been used to cleave specific amino acid sequences found at the junction of the sensory epithelium and underlying stroma of unfixed otolithic organs of the vestibular system. We have used thermolysin to separate sensory epithelium from the underlying stroma in fixed cristae ampullares of mouse, rat, gerbil, guinea pig, chinchilla, and tree squirrel, thus removing the saddle-shaped curvature of the sensory organ and creating a flattened sensory epithelium preparation. This permits visualization of the entire sensory organ in a single mount and facilitates proper morphometric analysis.
Introduction
Thermolysin, otherwise known as protease type X, is found in Bacillus thermoproteolyticus [1] . Thermolysin is a metallopeptidase and cleaves peptide bonds at the N-terminal of hydrophobic amino acids including alanine, isoleucine, leucine, methionine, phenylalanine, threonine, tryptophan, tyrosine, and valine [2] . Thermolysin was first characterized by Matsubara et al. [3] and subsequently used in unfixed otolith organ tissue to cleave specific amino acid sequences found at the junction of the sensory epithelium and underlying stroma [3, 4] . Suzuki et al. [4] were able to use thermolysin to cleave proteins anchoring the otolithic membrane to the tectorial membrane [4] . After centrifugation, they were able to separate the gelatinous layer from the otolithic stones. Saffer et al. [5] used thermolysin to separate the sensory epithelium from nonsensory epithelium in unfixed utricular maculae of rats [5] . Thermolysin has also been used to separate unfixed human keratinocytes, cultured intestinal epithelial cells, cultured cochlear spiral ganglion neurons, and pancreatic islet cells [6] [7] [8] [9] [10] .
Thermolysin has not previously been used to separate fixed tissue, and there is concern that the use of fixatives such as glutaraldehyde, formaldehyde, and acrolein may change the protein structure such that it is no longer amenable to cleavage by thermolysin. Despite this concern, we have used thermolysin to separate sensory epithelium from the underlying stroma in fixed cristae ampullares of mouse, rat, gerbil, guinea pig, chinchilla, and tree squirrel (Figure 1 ). This resulted in removal of the extracellular matrix that imparts the three-dimensional saddle shape of the sensory organ and the creation of a flattened sensory epithelium preparation. This two-dimensional view was desired to improve visualization of the entire sensory epithelium at once and to allow more accurate morphometric analysis.
The shape of the cristae has made them resistant to experimental methods that rely on surface preparations and to microscopic analysis due to depth of field limits. This issue is especially significant in immunochemistry, where it is sometimes necessary to have a flat preparation in order to best visualize the specimen. In a section from a crista that has not been treated with thermolysin, the central zone is nearly at a right angle to the peripheral zone. Mapping the location and type of specially stained calyx afferents becomes impractical due to this curvature, especially when using intact preparations. Using camera lucida to create this map fails due to the horizon effect: calyx afferents overlap each other in the map while focusing through the sample due to the curvature of the crista. A flat preparation is necessary to remove the orthogonal projection of the crista.
Methods

Animals.
Horizontal and vertical cristae were obtained from male and female wild-type adults from six species representing the three suborders of Rodentia myomorpha: mouse, rat, and gerbil; Caviomorpha: guinea pig and chinchilla; and Sciuromorpha: tree squirrel. For all species except squirrels, animals were anesthetized using sodium pentobarbital (80 mg/kg, i.p.). Tree squirrels were cage-trapped in the wild (IL Dept of Natural Resources Scientific Permit number W390) and anesthetized with inhaled 4% isofluorane. Each animal was perfused transcardially with heparinized (1000 IU/100 mL) isotonic vascular rinse until the perfusate was clear of blood (about one min), followed by 10 min of fixative (4% paraformaldehyde, 1% picric acid, and 1% acrolein) made in 0.1 M phosphate buffer (PB). Following perfusion, temporal bones were immersed in the same fixative for 20 min. Sensory organs were dissected in PB and processed en toto sequentially through 4% Triton X-100 (1 hr), Cal-Ex decalcifying solution (Fisher Scientific, Pittsburgh, PA, USA, 10 min), and 1% sodium borohydride (10 min) with 0.1 M PB rinses between treatments. All animal tissue was harvested in accordance with the University of Illinois at Chicago Institutional Animal Care and Use Committee (IACUC) approved protocols.
Immunohistochemistry.
Whole sensory organs were blocked in 10% normal goat serum (Chemicon, Temecula, CA, USA) in 0.01 M phosphate buffered saline (PBS) for 1 hr, followed by 1 : 1000 rabbit anti-guinea pig calretinin IgG (Chemicon) in blocking solution (18-24 hrs), and 1 : 1000 biotinylated goat anti-rabbit IgG (Chemicon) secondary antibody in PBS (2 hrs). Sensory organs were rinsed, incubated per ABC Elite kit instructions (Vector Laboratories, Burlingame, CA, USA) for two hrs at room temperature or overnight at 4 ∘ C, and reacted using 0.5% DAB (Sigma, St. Louis, MO, USA) and 0.003% hydrogen peroxide in PB.
Flattening Procedure.
All cristae were stored in 4% paraformaldehyde in 0.1 M phosphate buffer for approximately 2 years while awaiting further analysis. When we were ready to study the cristae, they were removed from the fixative and rinsed in 0.1 M phosphate buffer. Samples were then incubated with 1 g thermolysin (Sigma Chemical Co., St. Louis, MO, USA), 2 mM Tris-HCl, and 1 mM CaCl 2 in a total volume of 50 mL H 2 O at 55 ∘ C in a covered beaker for 12-18 hours. Samples were then rinsed in 0.1 M phosphate buffer, and if the sensory epithelium was not already floating at the top of the solution, it was easily microdissected from the underlying stroma using a pair of fine forceps. The sensory epithelium was adhered to a slide, coverslipped using glycerol, and prepared for photography and calyx afferent counts.
Additional cristae from recently perfused animals were also flattened using thermolysin. These cristae were incubated in thermolysin immediately after they were reacted using ABC and DAB. The protocol used was similar to that described previously, except the incubation time was 18 hours and 2 g of thermolysin were used. Sensory organs were then Journal of Histology 3 photographed and digitized for quantitative morphometry. These morphometric measurements are not corrected for shrinkage artifact, which we estimated to range from 5-10%. Camera lucida drawings were made of the labeled calyx afferents in each sensory organ.
Results
We used thermolysin in tissue perfused with paraformaldehyde. The relative ease of separation of the sensory epithelium from the surrounding transitional epithelium and underlying stroma indicates that the protein cross-links formed by the fixative do not compromise the peptide bond cleavage activity of thermolysin. We performed our sensory epithelium separations on tissue stored in 4% paraformaldehyde for more than 2 years-it is clear that this particular fixative had no effect on thermolysin function.
We also used thermolysin on recently fixed tissue where the sensory organs were incubated in thermolysin immediately after they were reacted with ABC/DAB. In order to achieve the same results as tissue fixed for longer periods, we had to double the concentration of thermolysin (from 1 g to 2 g) and incubate the tissue at 55 ∘ C for 18 hours. We believe that the longer incubation time is necessary for fresh tissue because the protein bonds between the stroma and sensory epithelium have not had time to weaken, as it may have even in tissue that had been in fixative for two years.
In a section from a crista that had not been treated with thermolysin, the central zone is nearly at right angles to the peripheral zone (Figure 1(a) ). After the use of thermolysin, a flat preparation can be created to permit more accurate morphometric analysis (Figure 1(b) ). Digestion of the peptide layer connecting the otolithic membrane to the underlying sensory epithelium was also completed using thermolysin (Figure 2) . The sensory epithelia of the utricular and saccular maculae were successfully prepared using thermolysin, permitting subsequent camera lucida drawings of the now exposed mechanosensory hair cells that could be identified through the use of immunohistochemistry techniques (Figure 3 ). There is no breakdown of the sensory epithelium itself, including the overlying mechanosensory hair cells.
Discussion
We have demonstrated that thermolysin can be used to separate the sensory epithelium from the underlying stroma and surrounding transitional epithelium in fixed tissue. Thermolysin is likely cleaving peptide bonds found in certain hydrophobic amino acids located at these junctions. Preparing flattened sensory epithelium specimens from fixed tissue allows us to perform calyx afferent counts with accuracy and precision that would otherwise be inaccessible. Using thermolysin in preparations with fixed tissue, such as with keratinocytes, intestinal epithelial cells, spiral ganglion neurons, and otoconial membranes, may be feasible.
It has been suggested that thermolysin cleaves certain hydrophobic amino acids found in glycosaminoglycans (GAGs) [11] . Wislocki and Ladman [12] in 1955 demonstrated the presence of GAGs in the otoconial membrane using a periodic acid-Schiff reaction. Others have indicated the presence of sulfated GAGs in the otoconial membrane using radiography [13] [14] [15] . Recently, keratin sulfate immunoreactivity in otoconial membranes was demonstrated using monoclonal antibodies [16] . Suzuki et al. [11] have found uronic acids, which are essential components of most GAGs, in the otoconial membrane [11] .
Though it is likely that thermolysin cleaves peptide bonds found in the amino acids of otoconial membrane GAGs, the target of thermolysin action between the sensory epithelium and stroma is unknown. Hultcrantz and Bagger-Sjöbäck [16] have demonstrated the presence of chondroitin-4-sulfate in sensory hair cells and within the subepithelial layer. Keratan sulfate was found in the lining of vestibular hair cells and in nerve tissue [16] . Thermolysin cleaves peptide bonds within these two GAGs and other proteins to weaken points of contact between the sensory epithelium and stroma.
The presence of keratan sulfate in the nerve tissue explains why prolonged treatment with thermolysin leads to a general breakdown of the nerve epithelium. During separation of the sensory epithelium from the underlying stroma after thermolysin treatment, it is not uncommon for parts of the nerve tissue to break off. Pulling on these nerve fibers is often used to our advantage to help separate the sensory epithelium from the transitional epithelium. 
Conclusion
Thermolysin is a proteolytic enzyme that digests specific protein bonds that anchor the otolithic membrane to macular sensory organs and extracellular matrix found within the stroma of cristae ampullares. Using thermolysin even in tissue that has been in fixative for up to two years can successfully create flattened mounts for the sensory epithelium, thereby facilitating visualization of the sensory organ and improving the accuracy of morphometric analysis.
